The effects of triclosan and its phosphorylated derivative, triclosan monophosphate were studied using a continuous culture microcosm model. Two conditions were simulated, a caries-like state (pH 5.5 with artificial saliva plus glucose as growth medium) and a periodontal disease-like state (pH 7.5 with BHI plus yeast extract, haemin and cysteine as growth medium). Both cultures were maintained anaerobically at 37°C at a growth rate of 0.1/h. Steady-state chemostats were pulsed with triclosan or triclosan monophosphate (initial concentrations between 20 and 40 mg/L) and changes in the ecological composition noted after 6 h. The carieslike microcosm steady state was dominated by streptococci, Lactobacillus and Veillonella sp. with low but detectable levels of Neisseria, Actinomyces and Fusobacterium sp. No significant ecological shifts occurred following pulses of either antimicrobial agent; all species were affected to approximately the same degree. The periodontal disease-like microcosm steady state was dominated by streptococci, Fusobacterium, Veillonella, Actinomyces, Prevotella and Porphyromonas sp. with low numbers of Neisseria and Lactobacillus sp. Significant ecological shifts were apparent following pulses of triclosan. The streptococci became the dominant group followed by Fusobacterium sp. For triclosan monophosphate, the streptococci again became dominant although Lactobacillus and Actinomyces were now the main sub-dominant species and Gram-negative anaerobes including Fusobacterium sp. were markedly inhibited. It is concluded that in the periodontal disease state, both triclosan and triclosan monophosphate affected the Gram-negative anaerobes to a greater extent than the Gram-positive groups and that this effect was more marked for triclosan monophosphate. triclosan by the action of microbial phosphatases. 8 Thus, sensitivity to triclosan monophosphate depends in part on the total phosphatase activity present in the microenvironment of the exposure. Since different species of microorganism differ in their sensitivities to either triclosan or triclosan monophosphate it might be expected that considerable ecological shifts would occur when mixed communities of oral species were exposed to these compounds at inhibitory concentrations. This study compared the effects of triclosan and triclosan monophosphate following their pulsed addition to defined mixed cultures of oral species growing in continuous culture as microcosm models to represent ecological states (caries and periodontal disease) occurring in vivo. 
Introduction
Dental plaque develops naturally on teeth as part of the body's normal flora and serves as a barrier to colonization by exogenous species. However, unless removed by diligent oral hygiene, it can predispose a site to either caries or periodontal diseases. In caries, acidogenic and aciduric species become predominant at the expense of many acidsensitive species, whilst in periodontal diseases there is an increase in the total plaque mass as well as the proportions of many obligate anaerobes. For many people, the customary hygiene of tooth brushing alone is insufficient to provide a level of plaque control sufficient to ensure oral health. As a consequence, the incorporation of various antimicrobial compounds into dental products as a means of plaque control has been commonplace for many years. 1, 2 Triclosan (2,4,4Ј-trichloro-2Ј-hydroxydiphenyl ether) is widely used in a number of oral hygiene products. It has been shown to be capable of inhibiting the growth of a wide range of microorganisms, including Gram-positive and Gram-negative bacteria and fungi, with MICs usually ranging from 0.1 to 30 mg/L. 3, 4 The molecular mechanism of action of triclosan appears to involve the inhibition of the enzyme enoyl-acyl carrier protein reductase. This enzyme is crucial to the final regulatory step in the fatty acid synthase cycle and the ultimate effect of triclosan is to block lipid biosynthesis leading to growth inhibition or lysis depending on the concentration employed. 5, 6 Owing to its hydrophobic and lipophilic nature, triclosan adsorbs to the lipid portion of the bacterial cell membrane. 7 Triclosan monophosphate is a phosphorylated derivative of triclosan, which in comparison is highly soluble in aqueous solutions. In vitro triclosan monophosphate (which itself may be devoid of antimicrobial activity) is hydrolysed into triclosan by the action of microbial phosphatases. 8 Thus, sensitivity to triclosan monophosphate depends in part on the total phosphatase activity present in the microenvironment of the exposure. Since different species of microorganism differ in their sensitivities to either triclosan or triclosan monophosphate it might be expected that considerable ecological shifts would occur when mixed communities of oral species were exposed to these compounds at inhibitory concentrations. This study compared the effects of triclosan and triclosan monophosphate following their pulsed addition to defined mixed cultures of oral species growing in continuous culture as microcosm models to represent ecological states (caries and periodontal disease) occurring in vivo. 
Materials and methods

Bacterial strains
Chemostat conditions
The mixed cultures were grown in an LH 500 series II modular chemostat (LH Engineering, Stokes Poges, UK) with a working volume of 750 mL, operated at 37°C, at a dilution rate of 0.1/h and under a gas sparge of 10% CO 2 in nitrogen. The pH was maintained at pH 5. 
Growth medium and inocula for caries-like microcosm (synthetic saliva)
To ensure reproducibility, a synthetic saliva based on that developed by Shellis 9 and supplemented with glucose was adopted as the growth medium. 10 The final composition was as follows: thiamine (7 g/L); riboflavin (50 g/L); folic 
Growth medium for periodontal disease-like microcosm
For the periodontal disease-like conditions, half-strength brain-heart infusion (BHI), yeast extract plus glucose basal medium was used. The final concentrations (g/L) were as follows: BHI (Difco, East Molesey, UK) (18.5), yeast extract (5), glucose (2), haemin (0.01) and cysteine (0.5). The chemostat inoculant contained P. gingivalis and P. intermedia in addition to the other groups used for the caries-like state.
Identification and enumeration of the bacterial species
A system of identification and enumeration was used for determination of the chemostat microbial composition. Samples from the chemostat were vortexed for 10 s and used to prepare a 10-fold dilution series (10 -1 to 10 -6 ) in Fastidious Anaerobe Broth (Lab M). Aliquots of each dilution were plated on to the following selective and nonselective media: 7% v/v horse blood agar supplemented with 2.5 mg/L vancomycin (Sigma) for enumeration of F. nucleatum, P. intermedia, P. gingivalis and N. subflava; Ritz medium 11 for streptococci; Man, Rogosa, Sharpe medium for L. casei; Zylber and Jordan medium 13 for A. viscosus; Rogosa medium 14 for V. dispar. Plates were incubated at 37°C in an anaerobic atmosphere of 10% CO 2 , 10% H 2 in 80% N 2 with the exception of N. subflava plates which were incubated aerobically. After 5 days a differential count was made based on the examination of colony morphology and verified with stains using Jensen's modification of Gram's method. 15 Colonies of P. gingivalis were tested for N-␣-benzoyl-L-arginine p-nitroaniline (BAPNA) hydrolysis which distinguishes them from P. intermedia (negative reaction). The streptococci were counted as a whole group since the selective medium did not allow for their full differentiation.
Triclosan and triclosan monophosphate pulsing
For each starting condition the chemostat mix was grown to steady state at D ϭ 0.1/h and samples taken to determine the pre-pulse conditions. At time zero, a relatively rapid pulse (5.0 mL/min) of triclosan or triclosan monophosphate was made by addition of sterile stock solutions of the appropriate antimicrobial to give a final concentration of 10 mg/L. Further pulses of triclosan/triclosan monophosphate compounds were made at 6 h intervals.
Statistical analysis
A statistical analysis of all results was performed. Means and standard errors were calculated for all experiments and one/two way analysis of variance tests were carried out where appropriate to determine the true significance of the results. A value of P Ͻ 0.05 was taken as the level of significance.
Results
Caries-like state
The pre-pulse conditions were not significantly different for the caries-like states (Tables I and II) . L. caseii was the dominant species (41-46%) followed by the streptococci (27-29%) and V. dispar (26-28%) with minor proportions of F. nucleatum (Ͻ0.3%), A. viscosus (Ͻ0.1%) and N. subflava (Ͻ0.001%). Following three triclosan and triclosan monophosphate pulses, reductions were apparent for all groups. However, there was no significant difference in the relative proportions of the microorganisms.
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Periodontal disease-like state
The periodontal disease-like mixed culture (Tables III and  IV) was characterized by F. nucleatum as the dominant species (49-56%) with the streptococci (16-18%) and V. dispar (11-13%) being the main sub-dominant species. There were low proportions of P. gingivalis (7-8%), P. intermedia (4-5%), A. viscosus (5-8%), L. casei (0. 4-1%) and N. subflava (Ͻ0.001%). The pre-pulse conditions were not significantly different. Following triclosan pulses (Table III) , reductions were apparent both in total numbers and in the ecological proportions of the different species. The mixed culture changed to one dominated by the streptococci with A. viscosus and F. nucleatum being the main sub-dominant types. Proportions of L. casei increased whilst proportions of P. gingivalis and P. intermedia decreased. N. subflava were close to their minimal detectable levels throughout. Following pulses of triclosan monophosphate (Table IV) a similar trend of reduction in total count and dominance of the streptococci was observed. However, following the final triclosan monophosphate pulse, L. casei proportions increased significantly whilst proportions of F. nucleatum, P. gingivalis, P. intermedia and V. dispar decreased. For the periodontal disease-like microcosm, the decreases in the proportions of all Gram-negative species following pulsing were more marked following the triclosan monophosphate pulses than they were for triclosan.
Discussion
In order to improve the evaluation of antimicrobial agents in the laboratory, more complex models have been devised which are able to reflect the complexity of the oral microflora. The chemostat, while not attempting to model physical aspects of a mouth, does allow studies to be undertaken which examine specific interactions among members of the normal flora, both in the presence and absence of antimicrobial compounds under defined and controllable conditions. 1 Studies such as these allow even the smallest inhibitory effects to be amplified, and, in addition, both direct and indirect inhibitory effects can be detected. Such mixed-culture systems have been used to study the effects of many different inhibitors on the stability of the resident oral microflora. 16, 17 These studies have served to show the effectiveness of the chemostat models in predicting more accurately the in vivo effects of prospective agents.
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In this study, caries-like and periodontal disease-like microcosm models were used to compare the effects of triclosan and triclosan monophosphate. Comparison of the pre-pulse steady-state conditions showed that the two types of microcosm developed to produce two distinctive and representative mixed cultures that were consistent for the control conditions (pre-pulse state). The low recovery of N. subflava throughout is an indication that the states were highly anaerobic.
In the caries-like microcosm, all the microbial groups appeared to be equally sensitive to the antimicrobial pulses and the proportions of species were very similar throughout. Triclosan is considered to be a broad-spectrum antimicrobial 3, 4 and the results show that all species within the population were affected. Work conducted testing triclosan in systems where the pH was not controlled has shown that it may inhibit the production of acids by the microflora and consequently provide an additional protective function against caries in the oral cavity. 18, 19 This result could not be observed using the chemostat caries-like microcosm model as pH was strictly controlled throughout the pulses.
On observation of the effects of the antimicrobial pulses in the periodontal disease-like microcosm, it was apparent that the streptococci were the least susceptible to the triclosan/triclosan monophosphate and therefore dominated the community. Moreover, the Gram-negative species as a whole were in general most affected by pulsing and this effect was more marked using triclosan monophosphate. This effect was particularly evident following the first pulse where concentrations were equivalent. This marked effect of triclosan on Gram-negative bacteria has been reported previously, both in vitro 7 and in vivo, 20, 21 where it is thought that differences in susceptibility between Gram-positive and Gram-negative species may relate to differences in cell wall structure and lipid composition and the penetration of triclosan to the proposed site of action, the cytoplasmic membrane.
Previous work by Bradshaw et al. 17 using a similar combination of species in a supragingival microcosm model (pH 6.5, D ϭ 0.1/h) showed that triclosan, after a single pulse (10 mg/L final concentration), had little or no effect with the exception that proportions of F. nucleatum and A. viscosus were significantly reduced. Triclosan may be more lipophilic at a pH of 7.5 and able to target the oral Gram-negative species more effectively than at the lower pH employed in the caries-like conditions. In addition, triclosan monophosphate may be able to penetrate the outer cell membrane of Gram-negative species even more efficiently than can triclosan, giving rise to its more marked ecological effects.
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For the periodontal disease-like ecological state, it is difficult to explain why pulsing with triclosan or triclosan monophosphate should give rise to slightly different effects in each case with regard to the response of the sub-dominant species. In an ecological mix it is probable that different groups of organisms are interacting through a wide variety of mechanisms including competition and inhibition on the one hand, and cross-feeding and cross-protection on the other. Cause and effect are thus difficult to ascribe. For these same reasons it is impossible to predict the behaviour of individual species based on conventional MIC test data (obtained using pure culture, closed systems); such data would not be valid when applied to mixed-culture open systems.
The lack of ecological changes observed following triclosan/triclosan monophosphate pulsing of the caries-like model suggests that if these trends occurred following use of these antimicrobial agents in vivo, the caries-promoting species (Streptococcus, Lactobacillus and Actinomyces) would not become any more prominent. Moreover, if ecological shifts occurred in vivo similar to those observed following triclosan/triclosan monophosphate pulsing of the periodontal disease-like microcosm (where streptococci were enriched in favour of the Gram-negative species) it would result in a flora associated more readily with periodontal health than with periodontal disease. 
